Prions are proteins that access self-templating amyloid forms, which confer phenotypic changes that can spread from individual to individual within or between species. These infectious phenotypes can be beneficial, as with yeast prions, or deleterious, as with mammalian prions that transmit spongiform encephalopathies. However, the ability to form self-templating amyloid is not unique to prion proteins. Diverse polypeptides that tend to populate intrinsically unfolded states also form self-templating amyloid conformers that are associated with devastating neurodegenerative disorders. Moreover, two RNA-binding proteins, FUS and TDP-43, which form cytoplasmic aggregates in amyotrophic lateral sclerosis, harbor a 'prion domain' similar to those found in several yeast prion proteins. Can these proteins and the neurodegenerative diseases to which they are linked become 'infectious' too? Here, we highlight advances that define the transmissibility of amyloid forms connected with Alzheimer's disease, Parkinson's disease and Huntington's disease. Collectively, these findings suggest that amyloid conformers can spread from cell to cell within the brains of afflicted individuals, thereby spreading the specific neurodegenerative phenotypes distinctive to the protein being converted to amyloid. Importantly, this transmissibility mandates a re-evaluation of emerging neuronal graft and stem-cell therapies. In this Commentary, we suggest how these treatments might be optimized to overcome the transmissible conformers that confer neurodegeneration.
Introduction
Prion diseases are a heterogeneous collection of fatal, infectious neurodegenerative disorders that afflict mammals, including: scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in deer and elk, and CreutzfeldtJakob Disease (CJD), Gerstmann-Sträussler-Scheinker syndrome (GSS) and fatal familial insomnia (FFI) in humans. These currently untreatable disorders are unusual because they can be inherited, acquired by infection or arise spontaneously. They are caused by pure proteinaceous infectious particles known as prions (Prusiner, 1982; Prusiner, 1998) . Prions are proteins that exist in several alternative but functionally distinct conformations, at least one of which is self templating (Shorter and Lindquist, 2005; Soto and Castilla, 2004) . Typically, the self-templating form is a 'cross-' fibrous structure termed amyloid, in which the strands of the -sheets align orthogonal to the fiber axis. These fibers elongate at both ends. Indeed, the fiber ends are the active sites of the prion. Fiber ends capture and convert natively folded proteins to the cross- form (Fig. 1A) . This self-templating or 'seeding' activity forms the basis of infectivity. Owing to the remarkable stability of the cross- prion form, which resists detergents, proteases and heat denaturation (Dobson, 2003; Knowles et al., 2007; Prusiner, 1982; Prusiner et al., 1983; Smith et al., 2006) , transmission between individuals (e.g. BSE is transmitted from cow to cow) and occasionally even between species (e.g. variant CJD is transmitted from cow to human) becomes possible. Because of their resistance to harsh environments, prions can be found in saliva and blood (Mathiason et al., 2006; Saa et al., 2006) , and can even survive the normally denaturing environment of the digestive system (Beekes and McBride, 2007).
Thus, even before presenting with symptoms of CWD, deer excrete prions in feces that persist in the environment and enable rapid horizontal transmission of CWD via a fecal-oral route within deer populations (Tamguney et al., 2009) .
It is now clear that these devastating transmissible spongiform encephalopathies (TSEs) are all due to misfolding of one specific protein: mammalian prion protein (PrP) (Prusiner, 1998) , a glycosylphosphatidylinositol (GPI)-anchored plasma membrane protein of uncertain function (Bremer et al., 2010; Le Pichon et al., 2009; Steele et al., 2007) . For decades, however, the identity of the infectious agent was puzzling and controversial because it is virtually devoid of nucleic acid, the canonical disease agent at the time (Alper et al., 1967; Bruce and Dickinson, 1987) . Rather, it was gradually comprehended that infectious amyloid forms of a host-encoded protein, PrP, were causative (Bolton et al., 1982; Oesch et al., 1985; Pan et al., 1993; Prusiner et al., 1983) . Strong support for the prion hypothesis has come from experiments showing that amyloid forms of PrP generated from solely recombinant protein can eventually induce transmissible neurodegenerative disease upon inoculation into transgenic mice that overexpress PrP (Colby et al., 2009; Legname et al., 2004) or wild-type hamsters (Castilla et al., 2005) . Importantly, Ma and colleagues have recently provided even stronger support (Wang et al., 2010) . Using a clever strategy that combined specific lipid-and RNA-facilitating factors, a potent prion was generated from recombinant PrP that induced the rapid appearance of a classic prion disease in wild-type mice (Wang et al., 2010) .
Compelling genetic evidence has also linked PrP to TSE pathogenesis. Missense mutations in the PrP gene are tightly linked to familial forms of GSS (Hsiao et al., 1989) , FFI (Medori et al., 1992) and CJD (Goldgaber et al., 1989) . Moreover, in mice, an FFI-linked mutation in PrP can induce neurodegenerative disease and spontaneous generation of infectious material . At the other extreme, missense mutations in PrP can confer resistance to prion disease (Mead et al., 2009 ). Importantly, PrPknockout mice resist infection by exogenous TSE-inducing prions (Bueler et al., 1993) . This resistance arises because the infectious form of PrP must recruit and convert endogenous PrP to transmit disease. Indeed, if PrP-expressing neurons are grafted into PrPknockout mice, then only the grafts become infected upon prion exposure, whereas surrounding tissue is unperturbed (Brandner et al., 1996) . This experimental observation might prove to be pivotal for devising strategies to mitigate the transmissibility of other human neurodegenerative disease proteins.
The cascade of amyloid seeding incited by prions, however, is not always problematic and is certainly not restricted to mammals. In yeast, several proteins form prions that confer specific heritable phenotypes, which are either benign or advantageous under diverse environmental conditions (Alberti et al., 2009; Shorter and Lindquist, 2005; True and Lindquist, 2000; Tyedmers et al., 2008) . These specific heritable phenotypes can be induced de novo by the infection of prion-free cells with pure infectious amyloid forms of a specific prion protein; for example, Sup35, Ure2, Rnq1 or Mot3 (Alberti et al., 2009; Brachmann et al., 2005; King and Diaz-Avalos, 2004; Patel and Liebman, 2007; Shorter and Lindquist, 2006; Tanaka et al., 2004) . Typically, a loss-of-function phenotype specific to the prion protein in question arises because steric effects of the amyloid form often preclude functionality (Baxa et al., 2002) . Thus, prion forms of Sup35, a translation-termination factor, cause heritable reductions in the fidelity of translation termination (Tanaka et al., 2006) . However, in other cases, a gain of function occurs (Derkatch et al., 2001; Derkatch et al., 2004; Si et al., 2003) . Many other yeast prions have been defined by compelling genetic criteria, but have yet to be confirmed by infection with pure prion conformers (Alberti et al., 2009; Brown and Lindquist, 2009; Du et al., 2008; Patel et al., 2009) . Lessons learned from yeast prion biology will undoubtedly shed light onto mammalian prion pathogenesis.
Typically, prionogenic proteins fold into several structurally distinct amyloid forms or 'strains' (Fig. 1) . Each distinct strain confers a distinct phenotype (Brachmann et al., 2005; Colby et al., 2009; King and Diaz-Avalos, 2004; Legname et al., 2004; Prusiner, 1998; Safar et al., 1998; Tanaka et al., 2004; Tanaka et al., 2006) . Beyond the cross- form, which is common to each of the distinct strains, little is known about their underlying atomic structures. Pioneering structural work on short amyloidogenic peptides has provided an initial atomic glimpse of the numerous ways a single sequence can generate cross- diversity (Sawaya et al., 2007; Wiltzius et al., 2009 ). However, how structural polymorphism can encode distinct phenotypes or disease states remains unclear. One principle is beginning to emerge from pure protein studies of both mammalian and yeast prions. Prions with an amyloid structure that is more readily fragmented (i.e. more frangible), but not so fragile that it is easily eradicated by the cellular machinery, tend to induce a more severe phenotype. Thus, more frangible Sup35 prions confer a stronger phenotype in yeast (Tanaka et al., 2006) and more labile PrP strains amplify and kill the host more rapidly (Colby et al., 2009; Legname et al., 2006) . Increased frangibility leads to more fiber ends (the active sites of prion replication) per unit mass and, consequently, more rapid conversion of available monomers and contingent phenotypic change (Fig. 1B) .
This ability to access self-templating amyloid forms is not, however, unique to prion proteins. Several fatal neurodegenerative diseases are also associated with the accumulation of self-templating amyloid forms of specific proteins. For example, -amyloid (A) and tau misfold in Alzheimer's disease (AD), -synuclein misfolds Journal of Cell Science 123 (8) Fig. 1 . Prion seeding, strain and fragmentation phenomena. (A)Prions are proteins that exist in several alternative conformations. The first is the native state, depicted by a purple circle. Prion proteins can also exist in numerous distinct self-templating amyloid forms or 'strains', depicted by distinct blue polymers. Amyloid forms capture and convert native conformers to the self-templating form at their ends. Typically, this capture and conversion process requires native conformers to exist in a transiently unfolded state or to possess an intrinsically unfolded domain. (B)Amplification of conformational replication is achieved by the fragmentation of amyloid forms to liberate new ends. Fragmentation also allows the dissemination of infectious material. Fibers can fragment spontaneously (Smith et al., 2006) , or fragmentation can be catalyzed by cellular factors, such as Hsp104 in yeast (Shorter and Lindquist, 2004) . Typically, different strains fragment at different rates. More frangible strains tend to be more potent prions because they expose more fiber ends (the active sites of conformational replication) per unit mass and therefore convert monomers more rapidly (Colby et al., 2009; Tanaka et al., 2006) . Indeed, one possible explanation for the reason all selftemplating amyloid conformers are not prions is that some strains do not fragment readily enough to sufficiently amplify conformational replication (Salnikova et al., 2005) . Thus, a gradient of forms with increasing frangibility can be envisioned, with prions and amyloids existing at opposite ends of the spectrum. in Parkinson's disease (PD), and huntingtin misfolds in Huntington's disease (HD). Beyond providing minor symptomatic relief, there are no effective treatments for these conditions. Curiously, neither these diseases nor the amyloid forms involved are generally considered infectious (Forman et al., 2004; Soto, 2003) . In this Commentary, we highlight several advances that support the alarming possibility that these disorders and their associated amyloid forms are considerably more transmissible and prion-like than previously suspected. These findings have several important therapeutic implications and blur the distinctions between amyloid and prion, as well as between transmissibility and infectivity.
Alzheimer's disease and -amyloid AD is the most common fatal neurodegenerative disorder, afflicting 35 million people worldwide (Prince et al., 2009) . Extracellular neuritic plaques composed primarily of A peptides are the defining pathological lesions of AD (Duyckaerts et al., 2009) . A is a cleavage peptide of the amyloid precursor protein (APP), which is rapidly cleared from brains of healthy individuals (Miners et al., 2008) . A varies in size from 39 to 43 amino acids, but the major species observed in AD neuritic plaques is the highly amyloidogenic A42 (Glenner and Wong, 1984; Iwatsubo et al., 1994; Masters et al., 1985) . Similar to prionogenic proteins, in different environments pure A40 forms fibers with different molecular structures, which are maintained when the fibers are used to seed further assembly (Petkova et al., 2005) . A fibers are toxic to neurons in culture (Kayed et al., 2003) and different strains confer different toxicities (Petkova et al., 2005) . It will be important to determine whether different strains are associated with differing severity of neurodegeneration in the brains of patients with AD. Notably, A plaques can assemble extremely rapidly and be toxic to neighboring neurons (Meyer-Luehmann et al., 2008) . Seeding A40 assembly in vitro with extracts from the brains of patients with AD yields a strain that is distinct to those accessed by purely synthetic A40 (Paravastu et al., 2009 ). However, the significance of this strain difference and how it contributes to disease remains unclear.
Similarly to PrP, amyloid forms of A accumulate in the extracellular space, and thus the prospect of transmissible pathology through infectious material becomes a concern. Indeed, when brain extracts from patients with AD were directly introduced into the brains of transgenic mice producing human APP (APP23), the material induced plaque formation and extensive deposition of A, whereas the introduction of brain extracts from age-matched patients without AD showed minimal A accumulation (MeyerLuehmann et al., 2006) . Consistent with the property of permissive templating (self seeding), plaques did not form in mice that did not produce human A (Meyer-Luehmann et al., 2006) . Furthermore, transmissibility was eliminated when extracts were immunodepleted of A, treated with formic acid (to dissolve fibers) or blocked with A-specific antibodies. Moreover, mice that were passively immunized with an A-specific antibody were resistant to infection. Thus, transmission from extract to host brain probably occurs through pure protein templating (Meyer-Luehmann et al., 2006) . Unlike mammalian prions, systemic or peripheral inoculation of dilute A-containing brain extract failed to induce any phenotype in the central nervous system (Eisele et al., 2009) . Moreover, unlike mammalian PrP, it has not yet been possible to generate synthetic A conformers that induce a disease phenotype (Meyer-Luehmann et al., 2006) . Thus, definitive evidence of 'protein-only' transmission by A is lacking.
Another remarkable convergence of A and PrP in neurodegeneration has recently become clear. Before its assembly into fibers, A accesses an oligomeric form that possesses a generic conformation that is distinct to fibers and is extremely cytotoxic (Kayed et al., 2003; Lesne et al., 2006) . Indeed, A oligomers might be more closely connected with neurodegeneration in AD than the fibers themselves (Lesne et al., 2006; Walsh et al., 2002) . Remarkably, PrP C (the native plasma membrane form of PrP) can function as a cell-surface receptor for toxic A oligomers, and this interaction seems to be crucial for A oligomer-mediated disruption of synaptic function (Lauren et al., 2009 ). Deletion of PrP renders neurons resistant to the toxic effects of A oligomers (Lauren et al., 2009 ). This finding is superficially reminiscent of the resistance of PrP-null neurons to mammalian prions (Bueler et al., 1993) . However, it is unclear how the PrP-A oligomer interaction leads to synaptic impairment (Balducci et al., 2010; Lauren et al., 2009) . Given that mutations in PrP are also associated with AD (Riemenschneider et al., 2004) , it is important to unravel the downstream sequelae of the PrP-A interaction. This convergence of PrP and A seems to be specific to the pathology of AD, because deletion of PrP does not ameliorate mouse models of PD, HD or tauopathy (Steele et al., 2009) . Perhaps other relevant cell-surface receptors will be discovered for the proteins associated with these diseases.
Alzheimer's disease and tau A is not the only protein that accesses an amyloid form in AD. Tau is a microtubule-associated protein that normally binds to and stabilizes microtubules, thereby promoting their elongation and enabling intracellular transport (Skovronsky et al., 2006) . However, in AD and other tauopathies, tau dissociates from microtubules and forms amyloid accumulations throughout the cell (Duyckaerts et al., 2009; Forman et al., 2004) . During the course of AD, these pathological forms of tau spread in a stepwise, orderly manner throughout the brain (Braak and Braak, 1997), but the mode of transmission between cells remains unknown. Thus, it is unclear whether tau in adjacent cells is susceptible to an unknown stressor or whether a self-templating prion-like process underlies the propagation of the amyloid form. Consistent with a potential prionlike mode of transmission, extracellular fibers (known as 'ghost tangles') that consist of a fibrillogenic tau fragment encompassing the microtubule-binding region (MTBR) are observed in the brains of patients with AD (Endoh et al., 1993) .
Cell culture experiments are beginning to explain how tau might spread between cells. When amyloid forms of recombinant MTBR were applied externally to cultured neural progenitor cells, they entered the cells and induce the formation of intracellular tau aggregates (Frost et al., 2009a) . Endogenous full-length tau colocalized with the exogenous MTBR in intracellular, insoluble aggregates, indicating seeded assembly (Frost et al., 2009a) . Furthermore, co-culture experiments revealed that intracellular tau aggregates can be transferred from cell to cell, although the mode of transmission remains uncertain (Frost et al., 2009a) . Infectious forms of PrP transfer between cells via tunneling nanotubes (TNTs), which are exceedingly thin membrane protrusions of up to several micrometers long that can connect cells that are several cell diameters apart (Gousset et al., 2009) . Cells can exchange components of the plasma membrane and cytoplasm (e.g. small vesicles and mitochondria) using this mechanism (Belting and Wittrup, 2008) . It is important to investigate whether self-templating tau conformers also spread from cell to cell via this route.
A disease-associated tau missense mutant, P301S, promotes tau fibrillization in mouse models, whereas mice expressing wild-type human tau do not develop aggregates (Clavaguera et al., 2009) . When insoluble tau isolated from mice expressing P301S tau was injected into brains of mice expressing wild-type human tau, filamentous tau pathology resulted and these filaments were composed of wild-type human tau (Clavaguera et al., 2009 ). The aggregates appear over time and spread to anatomically connected regions (Clavaguera et al., 2009) . Despite the spread of wild-type tau fibers, there was no accompanying neurodegeneration. Thus, transmissible tau conformers might be distinct from neurotoxic tau conformers (Clavaguera et al., 2009) . Alternatively, P301S fibers might seed a non-toxic conformational strain when wild-type tau is the available substrate. Short tau peptides can form polymorphic amyloid conformers (Wiltzius et al., 2009 ). Moreover, full-length tau seems to be able to access different strains (Crowther, 1991; Frost et al., 2009b) , but these remain poorly characterized in terms of molecular structure and the phenotypes they confer. Infectivity from brain extract to host, and the gradual spreading of tau pathology through cell-to-cell transmission, are very reminiscent of TSEs and warrant further investigation. As with A, however, it has not yet been possible to induce tau pathology or a transmissible neurodegenerative disease by injecting pure self-templating tau conformers. The progressive, stepwise spread of tau pathology, however, is also reminiscent of events that occur in PD.
Parkinson's disease and -synuclein PD is the most common neurodegenerative movement disorder, primarily affecting individuals over the age of 65, and is caused by a selective devastation of dopaminergic neurons in the substantia nigra (Skovronsky et al., 2006) . Although PD is mostly sporadic, mutations in several genes have been linked with familial forms of the disease. These include point mutations and gene multiplications in the SNCA gene, which encodes -synuclein, a small, unstructured presynaptic protein of uncertain function (Farrer et al., 2004; Kruger et al., 1998; Polymeropoulos et al., 1997; Singleton et al., 2003; Zarranz et al., 2004) . Signature lesions of PD are cytoplasmic aggregates in dopaminergic neurons known as Lewy bodies (LBs) and Lewy neurites (LNs), which consist of amyloid forms of ubiquitylated and hyperphosphorylated -synuclein (Braak and Del Tredici, 2008; Braak et al., 2003) .
Curiously, -synuclein pathology also hints at a prion-like mechanism of propagation through the brains of patients with PD. LB and LN pathology is observed in discrete areas of the brain at early stages of the disease, but exhibits an ascending and highly predictable pattern of progression through anatomically connected brain regions as the disease develops, suggestive of a transmissible agent (Braak and Del Tredici, 2008) . In 2008, three groups examined fetal mesencephalic dopaminergic neuron grafts at autopsy from eight patients with PD (Kordower et al., 2008; Li et al., 2008; Mendez et al., 2008) . Although the grafts seemed to remain functional and clinically efficacious to some extent, three patients developed -synuclein-positive LB pathology after more than a decade, despite the young age of the grafted cells (fetal donor tissue) relative to the surrounding host tissue (Kordower et al., 2008; Li et al., 2008) . The spread was gradual: grafts that were less than 10 years old exhibited no abnormal -synuclein pathology, whereas after 10 years, increasing numbers of tyrosine hydroxylase-positive cells containing LB pathology were identified with increasing age (Li et al., 2008) . Thus, the aged host brain can propagate LB pathology to young, genetically unrelated neurons, implying that -synuclein aggregation and progression in the brain can be noncell-autonomous (Brundin et al., 2008) . One study reported reduced tyrosine hydroxylase levels in the grafted neurons, which is an indicator of dysfunction (Kordower et al., 2008) . Thus, it seems likely that the grafted neurons were beginning to fail.
These observations raise the question of how amyloid forms of -synuclein propagate among neurons. Degenerating neurons probably release large quantities of -synuclein fibers upon cell death in a non-specific manner. Furthermore, -synuclein monomers and aggregates are incorporated into vesicles and secreted from neurons via a non-classical mechanism (Lee et al., 2005) . This expulsion might ensure that a single neuron does not become overwhelmed by an aggregation-prone protein, which might then be cleared by extracellular proteases or by lysosomal degradation following endocytosis by neighboring cells (Lee et al., 2008) . Indeed, cultured stem and neuronal cells endocytose extracellular -synuclein oligomers and fibers (Desplats et al., 2009; Lee et al., 2008) . However, subsequent lysosomal degradation seems errorprone, because endocytosed -synuclein can gain access to the cytoplasm and form ubiquitylated amyloid aggregates that are similar to LBs (Desplats et al., 2009) . Moreover, when neural stem cells are grafted into the brains of transgenic mice overexpressing human -synuclein, they develop LB-like aggregates, whereas in wild-type mice they do not (Desplats et al., 2009) .
It is not known how -synuclein escapes a membrane-bound vesicle to form cytoplasmic aggregates. Inhibition of lysosomal function stimulates deposition of transmitted -synuclein in cell culture (Desplats et al., 2009 ). Curiously, mutations in a putative lysosomal transmembrane ATPase, ATP13A2 (also known as PARK9), are connected with familial parkinsonism (Ramirez et al., 2006) , and overexpression of PARK9 counters -synuclein toxicity in models ranging from yeast to rat midbrain dopaminergic neurons (Gitler et al., 2009) . A natural decline in lysosomal function with aging might contribute to -synuclein pathogenesis by facilitating intercellular transmission of -synuclein and reduced clearance of -synuclein in the lysosome by chaperone-mediated autophagy (Cuervo et al., 2004) . Thus, restoring lysosomal function might be a promising therapeutic strategy for PD.
Another study, however, found that monomeric or fibrillar forms of -synuclein failed to enter cells in culture unless they were transduced with cationic liposomes (Luk et al., 2009 ). Consistent with seeding activity, -synuclein fibers, but not monomers, induced the formation of LB-like aggregates that were ubiquitylated, hyperphosphorylated and composed of amyloid (Luk et al., 2009 ). These aggregates perturbed Golgi integrity and tethered numerous small vesicles (Luk et al., 2009) , consistent with the idea that misfolding of -synuclein perturbs membranetraffic events (Cooper et al., 2006; Gitler et al., 2008; Gitler and Shorter, 2007; Larsen et al., 2006; Soper et al., 2008) . Despite these advances, there are no reports that intracranial injection of pure misfolded -synuclein conformers induces a PD-like phenotype in mice. Nonetheless, these studies provide proof-ofprinciple that the seeding activity of -synuclein fibers can induce LB formation (Luk et al., 2009 ).
Tau and -synuclein cross seeding
Typically, amyloidogenesis is a specific process in which the amyloid form of a protein only converts other copies of the same protein and not proteins with a different primary sequence. This selectivity is known as self seeding or permissive templating, and arises because of the energy-minimized, in-register configurations of primary sequences within amyloid structures (Sawaya et al., 2007; Wiltzius et al., 2009 ). Thus, too many primary sequence mismatches will preclude access to the requisite set of steric configurations that achieves net stability (Sawaya et al., 2007; Wiltzius et al., 2009 ). Rarely, however, 'cross seeding' can occur, when an amyloid form of one protein catalyzes the assembly of another. Usually, cross seeding is not as effective as self seeding, but can have an important role in the initiation of fiber assembly. For example, prion forms of Rnq1 can initiate assembly of Sup35 prions in S. cerevisiae (Derkatch et al., 2004) . Cross-seeding events might also have an important role in neurodegenerative disorders. For example, pure -synuclein and tau synergize to promote the fibrillization of each other (Giasson et al., 2003a) . When viewed by immunolabeling and electron microscopy, the resulting fibers remained separate, i.e. composed singly of tau or -synuclein, except for a few instances in which spatially segregated portions of a fiber were labeled positive for either tau or -synuclein (Giasson et al., 2003a) . Indeed, this interplay is apparent in the brains of patients with PD, in which tau can colocalize with -synuclein in portions of LBs (Kotzbauer et al., 2004) . Moreover, even when controlling for age, the probability of developing concurrent AD and PD is greater than the product of the probabilities of developing each (Giasson et al., 2003b) . Recent genome-wide association studies also indicate that variation in the tau gene (MAPT) can confer genetic risk for PD (Edwards et al., 2010; Satake et al., 2009; Simon-Sanchez et al., 2009 ). Thus, misfolding of one neurodegenerative-disease-associated protein might trigger the misfolding and transmissibility of a protein associated with another disease.
Huntington's disease and polyglutamine
HD is a progressive, autosomal dominant inherited neurodegenerative disorder, which is caused by the expansion of the CAG trinucleotide repeat (>36) in the huntingtin gene, leading to an expanded polyglutamine (polyQ) tract that confers increased amyloidogenicity (MacDonald et al., 1993; Scherzinger et al., 1997) . HD is mainly characterized by the selective loss of striatal neurons in the basal ganglia, although pathology can spread to other areas of the brain (Walker, 2007) . Intriguingly, pure polyQ can spontaneously access distinct fiber strains that confer distinct toxicities (Nekooki-Machida et al., 2009) . In a mouse model of HD, brain regions with the most severe neurodegeneration contained predominantly toxic strains, whereas more benign strains were found in less-affected regions (Nekooki-Machida et al., 2009) . Similarly to PD, fetal grafts of striatal tissue have also been tested in the clinic as a potential treatment for HD, and have provided some marginal and transient therapeutic benefits (Cicchetti et al., 2009 ). However, autopsy results revealed that these grafts were susceptible to disease-like neurodegeneration (Cicchetti et al., 2009) . Although grafted cells displayed increased caspase-3 activation, vacuolization and decreased structural integrity, abnormal huntingtin aggregation was not observed (Cicchetti et al., 2009 ). Thus, polyQ fibers do not seem to invade these neuronal grafts. By contrast, polyQ fibers seem able to pierce the cell membrane of cells in culture, gain access to the cytoplasm and seed the amyloidogenesis of soluble polyQ (Ren et al., 2009 ). These assemblies persist despite their dilution when cells divide, suggesting a self-sustaining seeding and fragmentation process (Ren et al., 2009) . As with A, tau and -synuclein, but in contrast to PrP, it has not yet been possible to induce a transmissible neurodegenerative disease by intracranial injection of pure polyQ conformers.
Prions or prionoids?
Several reasons for this general failure to generate infectious forms of A, tau, polyQ and -synuclein from pure protein are conceivable. For example, perhaps the correct strain with the optimal fragility has not yet been generated in vitro (Fig. 1B) , such that there are too few fiber ends to drive infectivity in experimental systems. Auxiliary factors might be more crucial for these amyloid forms to survive in the extracellular space or otherwise transfer from cell to cell and gain access to native substrate. PrP is a GPI-anchored plasma membrane protein, which probably increases its accessibility to infectious conformers (Chesebro et al., 2005; Kanu et al., 2002; Speare et al., 2009) . Until protein-only induction of infectious disease is achieved, however, it seems difficult to refer to the amyloid conformers involved (A, tau, -synuclein, polyQ) as prions. By contrast, it has been possible, albeit difficult, to generate synthetic PrP conformers that induce transmissible disease (Colby et al., 2009; Legname et al., 2004; Wang et al., 2010) . Similarly, yeast prion conformers are readily generated from pure protein (Alberti et al., 2009; Brachmann et al., 2005; King and Diaz-Avalos, 2004; Patel and Liebman, 2007; Shorter and Lindquist, 2006; Tanaka et al., 2004) . Thus, the amyloid forms involved in AD, PD and HD are perhaps only 'prion-like' because they have never been shown to move naturally from one individual to another and have never been connected with infectious disease epidemics. To make this important distinction clearer, the term 'prionoid' has been introduced to distinguish experimentally transmissible amyloid templates from bona fide prions (Aguzzi, 2009; Aguzzi and Rajendran, 2009 ).
Amyloid A amyloidosis
There is one amyloid disorder, however, that might be even more similar to prion diseases than those discussed thus far. The systemic amyloidosis, amyloid A (AA) amyloidosis, occurs in response to chronic inflammation when AA, a ~76 amino acid N-terminal fragment of serum amyloid A protein, forms amyloid conformers that are deposited in various tissues including the spleen, liver and kidneys (Westermark and Westermark, 2009) . Parenteral or oral administration of AA fibers purified from the liver of mice with AA amyloidosis is sufficient to accelerate AA amyloidosis in response to inflammatory stress (Lundmark et al., 2002) . AA fibers isolated from commercially available foie gras also accelerate AA amyloidosis in mice (Solomon et al., 2007) . However, amyloid forms of various proteins, including Sup35, amylin and transthyretin have the same effect, which suggests that AA amyloidogenesis is readily elicited by cross-seeding events (Johan et al., 1998; Lundmark et al., 2005) . Curiously, AA amyloidosis is common in captive cheetahs and might move naturally between individuals by a fecal-oral route . Moreover, AA amyloidosis can also be transmitted between individuals by peripheral blood monocytes, highlighting a potential risk for human-to-human transmission through blood transfusions (Sponarova et al., 2008) . These potentially natural routes of infection by AA fibers are reminiscent of prions.
Amyotrophic lateral sclerosis: are TDP-43 and FUS similar to yeast prions?
A unifying feature of the major yeast prions defined so far is the presence of a prion domain that is enriched in uncharged polar amino acids (particularly asparagine, glutamine and tyrosine) and glycine. This domain can switch between an intrinsically unfolded conformation (non-prion form) and an infectious cross- conformation (prion form) (Alberti et al., 2009; Shorter and Lindquist, 2005) . A Hidden Markov Model has been developed to identify these prion domains, and a proteome-wide survey of S. cerevisiae yielded 19 novel yeast prions that have been confirmed experimentally (Alberti et al., 2009 ). However, PrP and HET-s, a prion protein from Podospora anserina (Saupe, 2007) , do not contain this type of domain, raising the possibility that other primary sequences can access prion states. Nonetheless, this unique tool presents an opportunity to identify potential metazoan prions. Indeed, specific CPEB proteins possess this type of domain, which is crucial for their function in long-term memory formation in Aplysia and Drosophila and might involve prionogenesis (Keleman et al., 2007; Si et al., 2010; Si et al., 2003) .
Intriguingly, when the yeast prion-domain algorithm (Alberti et al., 2009 ) is used to scan the human genome, two nuclear RNAbinding proteins involved in transcriptional regulation and RNA splicing, FUS and TDP-43, rank very highly -15th and 69th, respectively (out of 27,879 proteins) ( Fig. 2A-C) . By comparison, in the yeast genome, two known yeast prion proteins, Sup35 and Ure2 ( Fig. 2A) , rank 15th and 65th, respectively (out of 5808 proteins). The putative prion domain in FUS also satisfies the criteria for predicted prion formation based on 'prion propensities' (derived from random mutagenesis experiments in yeast) (Toombs et al., 2010) ; namely, they contain a region with predicted disorder and with 'prion propensity' >0.05. The putative prion domain of TDP-43 is close to this cut-off, with a 'prion propensity' of 0.04.
Both FUS and TDP-43 are genetically linked with amyotrophic lateral sclerosis (ALS) (Kabashi et al., 2008; Kwiatkowski et al., 2009; Pesiridis et al., 2009; Sreedharan et al., 2008; Van Deerlin et al., 2008; Vance et al., 2009) . ALS is a common neurodegenerative motor neuron disease characterized by an unrelenting devastation of both upper and lower motor neurons, leading to progressive weakness, muscle wasting and spasticity, which culminate in paralysis and death within 3-5 years. ALS is characterized by ubiquitylated, cytoplasmic aggregates, that are nonamyloid in nature, in afflicted neurons. In most ALS cases, the major aggregated protein is TDP-43, which is simultaneously depleted from the nucleus (Neumann et al., 2006) . Indeed, widespread TDP-43 neuropathology is observed in ALS patients beyond stereotyped upper and lower motor neurons (Geser et al., 2008) . In ALS cases connected with FUS mutations, however, TDP-43 does not appear to be affected. Rather, in the motor neurons of these patients, FUS itself is depleted from the nucleus and aggregated in the cytoplasm (Kwiatkowski et al., 2009; Vance et al., 2009) . Thus, neuronal defects that give rise to ALS are probably caused by the loss of function of these RNA-binding proteins, as well as the potential toxic properties gained by the aggregated forms (Pesiridis et al., 2009) .
The putative prion domain of FUS comprises amino acids 1-239 (Fig. 2B,D) . Several mutations connected with ALS lie within this domain, although the majority of mutations are found at the extreme C-terminal region of FUS (Fig. 2D) (Kwiatkowski et al., 2009; Vance et al., 2009 ). It is not yet clear which domain of FUS drives its aggregation.
By contrast, the putative prion domain of TDP-43 comprises amino acids ~277-414 (Fig. 2C,E) and has a key role in TDP-43 pathogenesis. Aggregated C-terminal fragments of TDP-43 containing this region are biochemical signatures of ALS (Neumann et al., 2006) . This domain is the minimal region that can induce TDP-43 aggregation in yeast and neuroblastoma culture models of TDP-43 proteinopathies (Johnson et al., 2008; Nonaka et al., 2009; Zhang et al., 2009 ). Curiously, however, the prion domain of TDP-43 plus portions of the neighboring RNArecognition motif (Fig. 2E ) are required for toxicity in both yeast and neuroblastoma cell lines (Johnson et al., 2008; Zhang et al., 2009) . In isolation, pure TDP-43 is intrinsically aggregation-prone and rapidly assembles into aggregated species that are morphologically very similar to the aggregates that accumulate in the degenerating neurons of ALS patients (Johnson et al., 2009; Lin and Dickson, 2008; Mori et al., 2008; Nishihira et al., 2008) . Here, too, the C-terminal prion domain is crucial: deletion of this domain precludes aggregation (Johnson et al., 2009) . Furthermore, all but one of over 30 missense mutations connected with ALS fall in the prion domain of TDP-43 (Pesiridis et al., 2009 ). The ALSlinked TDP-43 mutants Q331K and M337V accelerate the aggregation of pure TDP-43 and promote aggregation and toxicity in yeast (Johnson et al., 2009) . Several ALS-linked mutations in this region also promote aggregation in neuroblastoma cell lines (Nonaka et al., 2009) , can be toxic to neurons in culture (Barmada et al., 2010) and confer neurodegeneration in Drosophila (Li et al., 2010) and mice (Wegorzewska et al., 2009) . Collectively, these data suggest that the prion domain of TDP-43 directs the protein into toxic misfolding trajectories that cause ALS.
Despite the presence of this domain, and in contrast to yeast prions, TDP-43 does not access amyloid forms in isolation or in ALS (Johnson et al., 2009; Kerman et al., 2010; Kwong et al., 2008) . Rather, the aggregates formed by this protein are non-amyloid in nature. However, the presence of this type of domain also predisposes proteins to access pre-amyloid, oligomeric forms (Shorter and Lindquist, 2004; Shorter and Lindquist, 2006; Vitrenko et al., 2007) , which can be extremely toxic (Kayed et al., 2003) . Indeed, TDP-43 rapidly forms pore-shaped oligomers (Johnson et al., 2009) , which are strikingly reminiscent of toxic oligomers formed by A42 and -synuclein (Lashuel et al., 2002) . These TDP-43 oligomers tend to clump together to form large masses that might be highly toxic to motor neurons. TDP-43 is likely to become trapped in this toxic pre-amyloid state and is unable to access the amyloid form. Surprisingly, TDP-43 is also found to be aggregated in numerous other neurodegenerative disorders, including AD and HD. Whether this reflects perturbed proteostasis leading indirectly to the misfolding of the intrinsically aggregation-prone TDP-43 (Gidalevitz et al., 2006; Gidalevitz et al., 2009) or to a more direct cross-seeding event remains unclear.
Implications for neuronal-graft and stem-cellbased therapies
Whether the amyloid templates involved in AD, PD and HD are prions or not, their transmissibility within the brain of an individual has important repercussions for potential therapies. Patient-derived, induced pluripotent stem cells (iPSCs) and the neural progenitor cells that can be derived from them hold great therapeutic potential because they will not elicit a host immunological response following transplantation (Kiskinis and Eggan, 2010; Yamanaka, 2007) . Such cells have been generated from fibroblasts of patients with PD, and can be differentiated into dopaminergic neurons (Soldner et al., 2009 ). Moreover, iPSC-derived dopaminergic neuronal grafts relieved parkinsonian-like symptoms in rats that had previously been treated with 6-hydroxydopamine (6-OH-DA), which selectively kills dopaminergic neurons (Wernig et al., 2008 ). Yet it is difficult to assess the utility of this stem-cell-based therapy for all types of PD because 6-OH-DA treatment does not generate amyloid forms of -synuclein. Indeed, such therapies face the same challenge as any other neuronal graft: transmissible conformers will inexorably Journal of Cell Science 123 (8) penetrate these cells and elicit the chain reaction of protein misfolding events that culminate in neurodegeneration. Hence, these approaches might only offer short-term improvements, rather than a long-term solution.
Therefore, steps must be taken to improve the quality of transplanted neurons such that they resist phenotypic conversion by self-templating species. One approach would be to tailor the cells to be grafted for the disease in question. Here, inspiration can be drawn from early experiments with PrP. Neurons lacking PrP are resistant to infection by mammalian prions (Brandner et al., 1996) . Thus, deletion of PrP or depletion of PrP by small-interfering RNAs in grafted neurons might be advantageous in CJD and related disorders. Furthermore, because PrP can act as a receptor for toxic A oligomers (Lauren et al., 2009) , such neurons might also be useful for the treatment of AD because, in principle, these grafted neurons would resist A oligomer invasion and toxicity. By extension, depletion of tau or -synuclein from grafted neurons might be beneficial in tauopathies and PD, respectively. By removing the substrate of the transmissible conformer, it might be possible to preclude phenotypic conversion. Indeed, depletion of PrP, tau or huntingtin, even after the onset of disease symptoms and pathology, has proven to be an effective treatment in mouse models of prion disease, AD and HD (DiFiglia et al., 2007; Mallucci et al., 2003; Mallucci et al., 2007; Roberson et al., 2007; Yamamoto et al., 2000) .
Of course, it might simply not be possible to deplete a protein from the graft if it is essential for the functionality of the grafted neurons, which might be a concern with tau. Alternatively, one might envision arming the cells to be grafted with a reinforced arsenal of defenses against transmissible conformers. Thus, for the treatment (Masison and Wickner, 1995) , the algorithm successfully identifies amino acids 1-89 as the prion domain. The top panel shows the probability of each residue belonging to the Hidden Markov Model state prion domain or 'background'; the tracks 'MAP' and 'Vit' illustrate the Maximum a Posteriori and the Viterbi parses of the protein into these two states (for details, see Alberti et al., 2009 ; this article contains similar plots for 179 yeast proteins in the supplement). The middle panel shows sliding averages over a window of width 51 of net charge (pink), hydropathy (blue) and predicted disorder (gray) (Prilusky et al., 2005) , along with a sliding average based on the prion domain amino acid propensities (red). (B)Prion domain prediction for FUS. (C)Prion domain prediction for TDP-43. (D)Domain architecture of FUS. FUS harbors an N-terminal S,Y,Q,G-rich domain (green), followed by a G-rich domain (purple), an RNA-recognition motif (RRM; blue) and two RGG-rich domains (cyan) that surround a zinc-finger domain (yellow). The predicted prion domain encompasses the S,Y,Q,G-rich domain and a portion of the G-rich domain. (E)Domain architecture of TDP-43. TDP-43 harbors two RNA-recognition motifs, RRM1 and 2 (blue), and a C-terminal domain that has a G-rich N-terminal portion. The predicted prion domain spans this C-terminal domain.
of PD, grafts might be generated that express (perhaps inducibly) high levels of Rab1 or PARK9, which protect against -synuclein toxicity (Cooper et al., 2006; Gitler et al., 2009) . It might also be useful to express (or inducibly express) high levels of molecular chaperones, such as Hsp70, that antagonize the toxicity of -synuclein and polyQ aggregates (Auluck et al., 2002; Warrick et al., 1999) , or even protein disaggregases, such as Hsp104, which dissolve transmissible amyloid conformers as well as toxic oligomers, and protect dopaminergic neurons from -synuclein toxicity (Lo Bianco et al., 2008; Shorter, 2008; Vashist et al., 2010) . Again, it will be essential to determine that these alterations do not in themselves alter graft functionality and to explore these options in rodent models of PD.
Other methods of directly antagonizing transmissible conformers might also be used to protect grafted neurons, including smallmolecule therapies. Although several small-molecule antagonists of amyloidogenesis have been described (Crowe et al., 2009; Gestwicki et al., 2004; Wang et al., 2008) , there are many issues surrounding delivery of the small molecules to the appropriate site, including their passage across the blood-brain barrier (Brunden et al., 2009) . Furthermore, the conformational diversity of amyloid strains severely complicates the development of potential smallmolecule therapies. For example, prion strains can vary in susceptibility to small-molecule antagonists and drug-resistant prion strains can arise (Ghaemmaghami et al., 2009; Li et al., 2009; Roberts et al., 2009 ). However, synergistic small-molecule combinations can be isolated that antagonize several prion strains (Roberts et al., 2009) . Finally, detailed knowledge of the mechanisms of non-cell-autonomous propagation of transmissible conformers is urgently needed (Aguzzi and Rajendran, 2009). Small molecules or protein therapeutics that can target and inhibit the intercellular transfer process might slow or halt clinical symptoms in mild-to-moderate cases because more neurons and glia are spared, or extend the time of disease onset in susceptible patients. Such approaches coupled with optimized neuronal graft or stem cell technologies offer great hope in defeating these currently untreatable and increasingly prevalent disorders. 
